We developed a portable needle-probe videomicroscope with a charge-coupled device (CCD) camera to visualize the subendocardial microcirculation. In 12 open-chest anesthetized pigs, the sheathed needle probe with a doughnut-shaped balloon and a microtube for flushing away the intervening blood was introduced into the left ventricle through an incision in the left atrial appendage via the mitral valve. Images of the subendocardial microcirculation of the beating heart magnified by 200 or 400 on a 15-in. monitor were obtained. The phasic diameter change in subendocardial arterioles during cardiac cycle was from 114±46 ,um (mean+SD) in end diastole to 84±26 ,um in end systole (p<0.001, n=13, ratio of change=24%) and that in venules from 134±60 ,m to 109±45 ,um (p<0.001, n=15, ratio of change=17%). In contrast, the diameter of subepicardial arterioles was almost unchanged (2% decrease, n=5, p<0.01), and the venular diameter increased by 19%1 (n=8, p<0.001) from end diastole to end systole. Partial kinking and/or pinching of vessels was observed in some segments of subendocardial arterioles and venules. The percentage of systolic decrease in the diameter from diastole in the larger (>100 ,um) subendocardial arterioles and venules was greater than smaller (50-100 ,m) vessels (both p<0.05). In conclusion, using a newly developed microscope system, we were able to observe the subendocardial vessels in diastole and systole. The vascular compression by cardiac contraction decreased the diameters of subendocardial arterioles and venules by about 20o, whereas subepicardial arterial diameter changed very little during the cardiac cycle and subepicardial venules increased in diameter during systole. (Circulation Research 1993;72:939-946) KEY WORDS * subendocardial microcirculation heart * needle-probe videomicroscope he phasic flows in the left coronary artery and T vein are unlike those of other organs; the arterial inflow is greatest during diastole, whereas the venous outflow is greatest during systole.1-6 This unique pattern of coronary arterial and venous flow was inferred in 1695 by Scaramucci,7 who is considered the founder of coronary physiology. He hypothesized that the myocardial vessels are squeezed by the contraction of the muscle fibers around them, which
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Thus far only the subepicardial microcirculation has been analyzed with microscopic systems because it was previously not possible to place a microscope inside the blood-perfused heart. [13] [14] [15] [16] We have developed a portable needle-probe videomicroscope with a charge-coupled device (CCD) camera to visualize subendocardial microvessels. In the present study, we measured the phasic changes in the diameter of the subendocardial FIGURE 1. Illustration of the needleprobe videomicroscope with a charge-coupled device (CCD) camera. The microscope system consists of a needle probe, a camera body containing a CCD camera, a lens and light guide, a control unit, a light source, a monitor, and videocassette recorder (VCR). A needle probe containing a gradient-index (GRIN) lens with a length of 180 mm is used to obtain the images of the subendocardial microcirculation of the left ventricle.
arterioles and venules of the porcine beating heart during the cardiac cycle.
Materials and Methods
Needle-Probe Videomicroscope With a CCD Camera
The videomicroscope system (VMS 1210, Nihon Kohden, Tokyo) consists of a needle probe, a camera body containing a CCD camera, a lens and light guide, a control unit, a light source, a monitor, and a videocassette recorder (VCR, Hitachi, Japan) ( Figure 1 ). The tapered camera probe has a maximum width of 30 mm, a maximum height of 52 mm, and a length of 130 mm, which makes it easy to handle, and a 1/2-in. CCD image sensor with 510x492 pixels and 330-line horizontal resolution. The needle probe (diameter, 4.5 mm; length, 180 mm) contains a gradient index (GRIN, two pitch) lens surrounded by an annular optical fiber light guide. One end of the needle probe is attached to the camera body with a focus ring. The image passes through the GRIN lens and focuses on the CCD image sensor.
Images on the CCD are converted into color video signals every 33 msec. These are monitored and recorded on videotape. The tissue is illuminated by light from a halogen lamp (150 W), which is transmitted through the light guide surrounding the GRIN lens. A green (complementary color of red) filter is used to accentuate the contrast between the images of the blood-filled vessel and the surrounding tissue. The spatial resolution of this system is approximately 5 ,um for the x200 objective with GRIN lens using a United States Air Force 1951 test target. The maximum depth of field is about + 250 ,m.
The needle probe is enclosed in a silastic 14F double lumen sheath. A doughnut-shaped balloon on the tip of the sheath avoids direct compression of the vessels by the needle tip. To obtain a clear image, blood between the tip of the needle probe and endocardial surface inside the "doughnut" was flushed away with warmed (37°C) Krebs-Henseleit buffer solution injected through a microtube of the sheath.
Animal Preparation
Twelve adult pigs (17-25 kg) of either sex were anesthetized with ketamine (25 mg/kg i.m.) and sodium pentobarbital (25 mg/kg i.v.). After intubation, each animal was artificially ventilated with room air supplemented by 100% oxygen at a rate sufficient to maintain arterial oxygen and carbon dioxide tensions in the physiological range (pH 7.35-7.45, Pco2 25-40 mm Hg, Po2 >70 mm Hg). A high-frequency jet ventilator was used to minimize the influence of lung motion on the heart. Each animal was placed on a heating blanket to maintain body temperature at 37°C. The right carotid artery and the right jugular vein were catheterized for hemodynamic and arterial blood gas measurements and fluid administration. To measure aortic pressure and left ventricular pressure, an 8F pigtail double lumen manometer catheter (Millar microtipped catheter transducer, model SPC-784A, Millar, Houston, Tex.) was inserted into the left ventricle via the right carotid artery. Blood pressures were measured in the ascending aorta and left ventricle. Electrocardiogram (ECG) was recorded by standard leads. After a median sternotomy and a left thoracotomy through the fifth intercostal space, the heart was exposed and suspended in a pericardial cradle. The proximal portion of the left anterior descending coronary artery (LAD) was isolated so that brief occlusions could be made with a snare. An electromagnetic flow probe was placed on the LAD distal to the snare.
Measurement of Microvascular Diameters
The sheathed needle probe was introduced into the left ventricle through an incision in the left atrial appendage via the mitral valve ( Figure 2 ). After the surgical procedure and instrumentation, at least 30 minutes was allowed for stabilization of the monitored variables. The inflated doughnut balloon was then gently placed on the endocardial surface (septum between anterior and posterior papillary muscles) and the intervening blood flushed away with Krebs-Henseleit buffer solution. The position of the needle probe was moved slowly and carefully to search for arterioles and/or venules with appropriate size, i.e., 50-300 ,um. When a clear image of arteriole and/or venule was obtained, an operator maintained the probe position on the vessel(s) manually by monitoring the image. Then, the vascular image was stored on the VCR. After the experiment was completed, the time-sequential images were transferred to a computer (Macintosh, Apple Computer, Cupertino, Calif.). The vascular images at end sys-Papillary GRIN-lens needle appei tole and end diastole were analyzed with a freeze-frame modality. The end diastolic and end systolic diameters of the venules and arterioles were defined as the diameters in the image appearing just before the onset of the R wave of the ECG and the one just before aortic valve closure, respectively. The vascular segment for diameter measurement was rotated to place the segment perpendicular to the scanning line to count the image density. The density in a gray scale mode was digitized to an arbitrary unit along the scanning line ( Figure 3) .
The difference in the gray scale between the peak value and the value of mean noise level was divided into quarters. The position with the density of a quarter higher value above the noise level was identified as an inner wall ( Figure 3 ). The diameters measured on five scanning lines neighboring each other were averaged. Finally, the vascular diameters at end diastole and end systole for five consecutive heart beats were ensemble averaged. We recorded aortic pressure, left ventricular pressure, and ECG simultaneously with the vascular ndage image. The data were excluded if mean arterial blood pressure or heart rate changed by more than 10% during observation of the change in the diameter between end diastole and end systole. The vessels were designated as arterioles or venules by the direction of the blood cell movement and/or the sequence of the blood flow refilling the vessels after a transient occlusion of the LAD and/or an injection of indocyanine green (5-10 mg/ml). With dye injection, the image of arterioles appeared before venules. The vascular image with indocyanine green was analyzed without a green filter. If identification was difficult by these methods, arterioles and venules were confirmed during a long diastole induced by vagal stimulation, in which the diameter of subendocardial arterioles decreased, but that of venules increased. 17 The decrease in arteriolar diameter during long diastole may be caused by lowering the intraluminal pressure and the increase in venular diameter by the venular function as capacitance vessels, i.e., ordinary capacitance and unstressed volume. The vascular images at end diastole and end systole were analyzed in a freeze-frame modality. The vascular segment for diameter measurement was rotated to place the segment perpendicular to the scanning line to count the image density. The density in a gray scale mode was digitized to an arbitrary unit along the scanning line. Then the difference in the gray scale between the peak value (a) and the value of mean noise level (d) was divided into quarters. The position with the density of a quarter higher value above the noise level (b) was identified as an inner wall, and the corresponding diameter was read automatically (c). arterioles because venular density is higher than arteriolar density in the left ventricular wall. 19 Using four pigs, we also measured the phasic diameter change in subepicardial arterioles and venules with the same instrument. The camera body with needle probe was suspended by an elastic rubber cord and steadied by hand. After inflation of the doughnut balloon, we placed the needle probe gently on subepicardial arteriole and/or venule. Krebs-Henseleit buffer solution was dripped continuously on the epicardial surface.
Evaluation of the Validity of the Method
To evaluate the effect of balloon application to endocardial surface on subendocardial vessels, the intraballoon air pressure and the intraventricular pressure encircled by the doughnut balloon were measured in one dog. The intraballoon air pressure was measured with a strain-gauge manometer (Nihon Kohden) while monitoring subendocardial vascular images. After the inflation of the balloon by the usual air supply, the mean intraballoon pressure was 163 + 1 mm Hg. When the balloon was applied to the endocardial surface so that the clear images of arterioles and/or venules were obtained, the mean intraballoon pressure became 168± 1 mm Hg.
After this, the GRIN lens was replaced with a fiberoptic transducer-tipped catheter system (model 110-4, Camino Labs, San Diego, Calif.) to measure the intraventricular pressure encircled by the doughnut balloon. After inflation of the balloon (intraballoon pressure, =:'160 mm Hg), the balloon was placed on the endocardial surface so that the intraballoon air pressure showed the similar magnitude to the value when a clear vascular image was observed, i.e., --170 mm Hg. The pressure in the space encircled by the doughnut balloon was very similar to the left ventricular pressure outside the balloon (Figure 4 ). The absolute value, however, was slightly lower than left ventricular pressure: end diastol- (FITC)-dextran for epicardial arterioles and venules. An excellent correlation was found between the two methods for measuring diameters in two animals, indicating that our method accurately measures vascular inner diameter.
ic pressure by 2±2 mm Hg, and peak systolic pressure by 10±1 mm Hg. The slightly greater pressure inside the space encircled by the balloon probably does not affect the measurement. The internal vascular diameter obtained with the green filter might underestimate the true diameter because of the plasma layer next to the vascular wall. To test this issue, we compared diameters estimated by the green filter with those measured using fluorescein isothiocyanate (FITC)-dextran (Mr, 200,000; Sigma Chemical Co., St. Louis, Mo.). A fluorescence microscope (Nihon Kohden, prototype) with an ordinary glass lens (BK-7) was attached to our microscope system. This system is only applicable to subepicardial vessels, because the light guide system for a fluorescence image of subendocardial vessels has not been developed. The surface of two additional porcine hearts was illuminated by a xenon lamp with the maximum wavelength of 490 nm. Small bolus injections of FITC-dextran were administered into an indwelling coronary cannula. The vascular images of a distal branch of the LAD and/or a branch of the anterior interventricular vein were monitored by the fluorescence microscope with a band-pass filter of 490-520 nm and stored on a VCR. Then, the optical system was connected to our microscope with a green filter, and the same vascular images were monitored and stored on a VCR. The same procedure was repeated for the other vessels with different diameters. Finally, the diameters obtained by the fluorescence and the green-filter methods were compared with each other. Figure 5 shows the relation between the arteriolar and venular diameters obtained by fluorescent light with FITC-dextran and by our method with a green filter. An excellent correlation was found between the two methods for measuring diameters in two animals (r=0.99, n=15, p<0.01). The diameter of smaller vessels with diameter of 50-100 ,um by the green filter was underestimated, but the difference between the two methods was only 4%. The diameter estimation for relatively n+-W,. . larger vessels, with a diameter of 100-300 gm was almost equal by the two methods. These results indicate that the green-filter method accurately measures vascular inner diameter of both arterioles and venules with a diameter of 50-300 gm.
As for a possible source of image distortion by our needle-probe microscope with a CCD camera, we measured the smallest scales (50 gtm) of Neubauer ruling for the hemocytometer at each corner and at the central portion of the hemocytometer. The difference was negligible between the two parts: corner=50.2+0.5 gim versus central=50.2±0.6 gm. This indicates that the image distortion is negligible in the central one square millimeter. Accordingly, we analyzed vascular images inside this area.
Statistical Analysis
Data were reported as mean ± SD. Student's t test was used for paired and unpaired comparison.
Results
During the vascular diameter measurements, heart rate was 94±18 beats per minute, systolic and diastolic 0._ 10 me CD blood pressures were 92± 19 and 67+19 mm Hg, respectively, left ventricular end diastolic pressure was 7.7±2 mm Hg, and mean LAD flow was 32±12 ml/min. Figure 6 shows images of a subendocardial arteriole and venule at end diastole and end systole. Diameters of subendocardial arterioles and venules decreased from end diastole to end systole. However, we usually did not observe any collapse of these vessels during systole. Very rarely, segmental collapse was observed. Partial pinching and kinking of subendocardial vessels were occasionally observed in both arterioles and venules, although the amount varied. Vascular segments with a relatively uniform diameter were used for the observation of phasic diameter change. We successfully measured a change in the diameter throughout a cardiac cycle in only a few cases because of the transient entrance of intervening blood and/or the rapid movement of the image relative to the sampling time (33 msec). Figure 7 is an example of the diameter change in a subendocardial arteriole and venule throughout a cardiac cycle. Although these data are not conclusive, patterns of a diameter change were similar in both arterioles and venules. Figure 8 shows the diameter changes in subendocardial and subepicardial arterioles and venules between end diastole and end systole. Subendocardial arteriolar diameters (upper panels) decreased by 24+6% (114±46 um in end diastole and 84±26 gm in end systole, p<0.001, n=13), and subendocardial venular diameter decreased by 17±4% (134±60 ,um in end diastole and 109±45 ,um in end systole,p<0.001, n=15). In contrast, the diameter of subepicardial arterioles (lower panels) was almost unchanged from end diastole to end systole (from 169±12 to 166±12 gtm, 2% decrease, n=5, p<0.01). Subepicardial venules increased from end diastole to end systole by 19% (from 97±18 to 122±29 gum, n =8, p<0.001). Figure 3 shows representative gray scale density patterns of arterioles at end systole and end diastole averaged along five consecutive scanning lines rectangular to vascular axis. The image density inside the vessel exhibited an almost parabolic pattern both at end diastole and end systole, indicating a round or elliptical cross-sectional area at each period. The density pattern for venules was similar to that of arterioles. The averaged mean luminal image density (arbitrary units per pixel) in the vascular lumen for all subendocardial arterioles was 20±5 at end diastole and 14+6 at end systole. The difference was statistically significant (p<0.05). The average mean density for subendocardial venules at end diastole (22±3) was also greater than that at end systole (15±3) (p<0.05). This indicates that the diameter in depth also decreases from end (D) Venule 
End-diastole
End-systole diastole to end systole in subendocardial arterioles and venules. Figure 9 shows relations between the diameter in end diastole and percent change in diameter from end diastole to end systole for subendocardial arterioles and venules. There was a significant correlation between two variables both in arterioles and venules (r=0.82 and 0.63, both p<0.05). The regression line of percentage diameter change to end systolic vascular diameter for subepicardial venules wasy=0.1x-4.7 (r=0.83,p<0.01), and that for subepicardial arterioles was y=O.OLx-1.2 (r=0.28, NS).
Discussion
The novel aspect of this study is the direct observation of subendocardial arterioles and venules during the cardiac cycle. Cardiac contraction decreased the diameter of both subendocardial arterioles and venules by about 20%. The results for the mean luminal image density of the vascular lumen were consistent with those for the horizontal diameter, indicating a decrease in the vascular diameter with depth from end diastole to end systole. However, other factors as well as the diameter, such as change in the microvascular hematocrit, and quiescence or reversal of flows could alter the density of the image because the reflection of light from red cells could be a function of these variables. These diameter changes differ greatly from those in the epimyocardial microcirculation. Kanatsuka et a120 observed only 1.1% diameter change of the left ventricular epicardial arte- rioles during the cardiac cycle as measured by an intravital floating microscopic system. Nellis and White-sell21 reported about a 20% increase in the epicardial venular diameters of the right ventricle just after end systole as measured by a transillumination microscope with a cardiac cycle-synchronized light source. Our observation of subepicardial arterioles (2% decrease at end systole) and venules (19% increase at end systole) is consistent with the data of Kanatsuka et al and Nellis and Whitesell. In contrast, Tillmanns et all5 measured the diameter of epimyocardial arterioles and venules in beating turtle and dog hearts using high-speed cinematography with transillumination of the left ventricle and found that the diameters of arterioles and venules decreased about 30% during systole. A potential limitation of the transillumination method is that the insertion of a light pipe plus stabilizing needles into the ventricular wall may influence extravascular compressive force or might produce mechanical compression of microvessels.
Recently, Judd and Levy22 measured intramyocardial blood volume using systolically and diastolically arrested rat hearts. They found an approximately 40% decrease in total intramyocardial blood volume in systolically arrested hearts compared with diastolically arrested hearts. Although the vascular diameter or volume of the arrested hearts may be different from that of the beating heart, Judd and Levy's result is close to the phasic change in diameter in the present study; i.e., their 40% volume change is almost equivalent to our 20% diameter change.
The blood volume change between diastole and systole in the myocardium has been explained by two models: the intramyocardial pressure pump model of Spaan et a123 and the time-varying elastance model of Krams et a124 based on a model originally proposed by Suga.25 According to the tissue pump model, the compression of the venular compartment during systole is more vigorous than that by the elastance model.26 On the other hand, in the elastance model, the squeezing effect by cardiac contraction may be evenly distributed over the arteriolar and venular compartments. Thus, the evenly distributed force of myocardial elastance over the intramyocardial vessels may explain the similar degree of diameter change between arterioles and venules. 26 According to the elastance model, the behavior of the subepicardial vessels should be similar to that of the subendocardial vessels. This is not the case, however. Unlike the subendocardial arterioles, the diameter of the subepicardial arterioles is almost unchanged between end diastole and end systole. This may be mainly due to the less powerful, systolic extravascular compressive force of epimyocardium associated with left ventricular pressure, which may interact with an elastance effect. As for the venules, the subepicardial venular diameter increased by about 20%, while the subendocardial venules decreased by about 20%. There are two factors that may contribute to this difference. First, the systolic increase in venous outflow from deeper myocardial layers to the epicardial veins and some resistance within the epicardial veins may result in an increase in intraluminal venous pressure and hence an increase in epicardial and subepicardial venular diameter during systole. Second, as in the case of arterioles, the extravascular compressive force associated with left ventricular pressure may be weaker in the subepimyocardium than in the subendomyocardium. Therefore, although the effect of myocardial systole on subendocardial and subepicardial vessels may be similar, the difference in extravascular compressive force caused by left ventricular pressure may result in transmural variations of extravascular compressive force. The influence of left ventricular pressure on the subendocardial vessels in our study might be greater than that on deeper intramural vessels, since the maximum depth of the field was approximately +250 gim.
The larger subendocardial arterioles and venules showed more phasic diameter change than the smaller ones. Judd and Levy22 also observed the greater vascular volume change between systolically and diastolically (%) arrested rat hearts in vessels with diameters larger than 100 ,gm compared with smaller vessels (< 100 gLm). Our observation is consistent with theirs. The main reason may be due to high resistance in smaller vessels, since the blood contained in high resistance vessels is harder to displace by squeezing than blood in low resistance vessels. The high resistance of smaller vessels also implies that they may have a long time constant (resistance times compliance), assuming a similar compliance value between large and small vessels. Long time constants in the small vessels will result in less phasic diameter change.
In conclusion, vascular compression by cardiac contraction decreased the diameters of subendocardial arterioles and venules by about 20% with a tendency for smaller percent diameter change in small vessels (< 100 ,um) than in large vessels. In contrast, subepicardial arteriolar diameter changed very little during the cardiac cycle, whereas subepicardial venules increased in diameter during systole. The remarkable diameter change in subendocardial small vessels explains the phasic difference between diastolic coronary arterial inflow and systolic venous outflow.
